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Optical studies of Ge islanding on Si(111)
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~Received 12 August 1996; accepted for publication 20 November 1996!
We report an experimental study of the optical properties of island layers resulting from molecular
beam epitaxial deposition of Ge on Si~111! substrates. The combination of electroreflectance
spectroscopy of the E1 transition and Raman scattering allows us to separately determine the strain
and composition of the islands. For deposition at 500 °C a deposited layer of 1.36 nm of Ge
assembles into 80 nm diameter islands 11 nm thick. The average Si impurity content in the islands
is 2.5% while the average in-plane strain is 0.5%. Both strain and Si impurity content in islands
decrease with increasing Ge deposition. © 1997 American Institute of Physics.
@S0003-6951~97!02904-5#
Epitaxial germanium nanoparticles are of great interest
because it may be possible to tailor their optical and elec-
tronic properties using both three-dimensional quantum con-
finement and strain. When such nanoparticles are embedded
in silicon, there is the possibility of combining a novel opti-
cal material with well-established, silicon-based device tech-
nologies.
Extensive work has been reported on the preparation and
properties of SixGe12x strained layers and superlattices,1,2
Si/Ge strained-layer superlattices,3 and on the pseudomor-
phic growth and islanding of Ge on Si~001!.4–6 There has
been a parallel effort to grow nanometer-size Ge particles
embedded in various media in order to observe and exploit
quantum confinement effects.7,8 Growth of epitaxial germa-
nium nanoparticle island films on the silicon ~111! surface by
molecular beam epitaxy poses new opportunities and new
problems. The growth thermodynamics and kinetics will be
very different from that of the ~001! surface. Strain will play
a different role because of the new symmetry axis. Compared
to the number of studies addressing Ge/Si~100! growth, rela-
tively little work has been published that addresses Ge/
Si~111! growth.9,10
In this letter we report on the use of optical spectroscopy
to elucidate the growth and electronic properties of these
nanoparticle island films. We combine electroreflectance
spectroscopy on the E1 optical transitions and Raman scat-
tering to separate strain and compositional effects on the
electronic structure.
Details on the growth and structural characterization of
similar samples are given elsewhere.9 Nucleation and growth
of Ge/Si~111! films is by the Stranski-Krastanov mechanism
in which a two-dimensional wetting layer with a thickness of
3–5 monolayers is first formed, and strain relief in thicker
layers leads to three-dimensional island growth. The size and
aspect ratio of the islands can be controlled by varying
growth time and growth conditions. For the present samples,
Ge was deposited on Si~111! wafers at 500 °C. Silicon buffer
layers approximately 20 nm thick were grown at 700 °C at a
rate of 0.1 nm/s just prior to Ge deposition. The nominal
deposition thickness was varied from 1.3 nm to 5.2 nm in
one run using a shutter as a shadow mask. An additional
sample with a 50 nm Ge deposit was also prepared at a
higher growth rate. The samples are identified here by the
equivalent Ge-layer thickness, which was determined by Ru-
therford backscattering. Growth, structural, and spectro-
scopic data are summarized in Table I.
Electroreflectance spectroscopy of the E1 transition was
carried out using a sandwich structure.11 The typical exter-
nally applied ac surface field was 1.4– 73104 V/cm ~rms!.
The optical system is described in detail elsewhere.12 The
modulated reflectance signal was detected using a phase-
sensitive lock-in amplifier tuned in-phase to the electric field
driving frequency ~1100 Hz!.
The Raman scattering system is also described in detail
elsewhere.13 All spectra were excited with the 514.5 nm and
488.1 nm lines of an Ar ion laser in a near-backscattering
VV-polarization configuration from the ~111! surface. The
entrance and exit slits were set to give an instrument resolu-
tion of about 5 cm21. The Ge-like optical peak positions are
given in Table I along with the areas of the peaks.
The integrated area of the Ge and Si Raman peaks can
be used to determine the relative fractions of Ge and Si vol-
ume probed. The Ge peak area depends on the fractional area
of the surface covered with islands ( f i), the thickness of the
islands (di), and the thickness of the wetting layer (dw):
IGe}@ f i~12exp~22adi!!/2a1~12 f i!dw# ,
where a(;73106 cm21) is the absorption coefficient at
the laser energy. From the fact that the Ge-peak Raman sig-
nal scales with island area @deduced from atomic force mi-
croscopy ~AFM!#, we conclude that our Raman signal is pre-
dominantly from the islands, rather than from the wetting
layer.
Electroreflectance ~ER! spectra between 2 and 2.5 eV
are shown in Fig. 1. We observe a strong ER peak at 2.1–
2.3 eV which is attributed to the E1 critical point. The mag-
nitude of the ER signal increases with island area from 26
ppm for f i50.08 ~1.36 nm! to 260 ppm for f i50.4 ~5.2 nm!
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and 550 ppm for the 50 nm layer. The built-in dc surface
field should also affect the magnitude of the response at the
fundamental driving frequency, but it does not appear to
change significantly from sample to sample. We estimate a
built-in dc surface field of 4 –73106 V/cm by comparing
the in-phase response at the fundamental driving frequency
with the quadrature response at twice the driving frequency.
Confinement, strain, and Si alloying will all cause shifts
of both electronic transition energies and vibrational ener-
gies. We neglect confinement effects on both electrons and
phonons in the analysis here because the island dimensions
are quite large. Estimated electronic confinement shift for the
average island in the thinnest deposit is ,10 meV.14 Phonon
modes are not localized in the ~111! direction by this
structure.15 We show here how to quantify the strain and
alloying effects by requiring two separate measurements to
fit the same strain/composition combination.
The shift in Raman frequency induced by in-plane sur-
face strain of « i can be broken into two parts: the hydrostatic
strain part and the uniaxial strain part.16 Biaxial strain in the
plane of the surface (« i) gives rise to hydrostatic strain of
«H50.815« i and uniaxial strain «'521.18« i .16 Using pa-
rameters for Ge deduced from hydrostatic compressive stress
measurements,17 we estimate the hydrostatic part of the shift:
DVH52730« i(cm21). The uniaxial part of the strain along
the @111# direction («') splits the longitudinal optical ~LO!
phonon modes into a singlet, propagating along the @111#
axis, and a doublet. The shift of the singlet due to the
uniaxial strain is given by18 DVs>2470« i ; thus the overall
~hydrostatic 1 uniaxial! shift of the singlet is
DVs>2260« i . ~1!
The biaxial strain-induced shift of the Ge E1 point was
calculated recently by Tserbak and Theodorou.19 The E1 op-
tical critical point structure in unstrained Ge is due to tran-
sitions between parallel bands along the L direction and
close to the L point. In unstrained Ge, E152.10 eV. When
Ge is grown on the ~111! surface of Si (« i54%), the L
point splits into two nonequivalent points, Z and L. The en-
ergy of the lowest transition in strained Ge/Si~111! is 2.18
eV at the L point and 2.7 eV at the Z point. Expressing the
strain-energy relation from Ref. 19:
DE1~L!521.2eV« i
and
DE1~Z!5214eV« i . ~2!
Putting together the E1 and DVs dependence on strain,
we get the parametric relations for biaxial in-plane
strain DVs(cm21)519DE1(Z)(eV) and DVs(cm21)
5220DE1(L)(eV) , shown as the dashed line in Fig. 2.
The compositional effect on Raman mode energies and
on the E1 transition energy is easily deduced from reported
measurements. The Ge-Ge mode energy of Ge1-xSix de-
creases nearly linearly with x for small x:20
DV5237x cm21. ~3!
FIG. 1. Electroreflectance of Ge layers on Si~111!. Deposition thicknesses
vary from 1.1 nm to 50 nm as marked. The spectra were taken at room
temperature with the lock-in set in-phase at the fundamental driving fre-
quency. Spectra are offset vertically by 6260 ppm for clarity.
FIG. 2. Plots of the relation between the Ge-Ge Raman mode energy and the
E1 ~Z! and E1~L! optical transition energies with strain and Si content as
parameters ~dashed lines!. Data points are the measured values.
TABLE I. Structural and optical data summary for Ge layers deposited at 500 °C on Si~111!.
Film thickness
~nm!
~RBS!a
Island diameter
~nm!
~AFM!
Island thickness
~nm!
~AFM!
Ge-Ge Raman position
(cm21)
Ge-Ge Raman area
~cps cm21)
E1 position
~eV!
~ER!
E1 strength
~ppm!
~ER!
f i
~AFM!
e i
~%!
x
~%!
1.36 80 11 300.5 90 2.24 26 0.08 0.45 3
60.1 61
3.2 150 12 300.9 170 2.18 260 0.4 0.3 1
60.1 61
5.2 200 18 300.2 190 2.14 250 0.4 0 1
60.1 61
50 ••• ••• 300.5 450 2.13 550 1.0 ••• •••
a
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The E1~L! point shifts up in energy linearly with x ac-
cording to3
DE151.2x~eV!. ~4!
In a parametric plot of E1 and DV we would then have
DV5231DE1(eV), shown in Fig. 2. The intensity of the
Si-Ge Raman mode at 390–410 cm21 can provide a more
direct measure of Si alloying with Ge than the position of the
Ge-Ge mode alone ~which is also sensitive to strain!. Quan-
titative comparison to a thick Si0.3Ge0.7 layer sets upper lim-
its of 10% Si in Ge for the 1.3 nm layer, 4% Si in Ge for the
5 nm layer, and 2% Si in the 50 nm layer. The measured
energy of the E1 feature shifts monotonically from 2.13 eV
for the 50 nm film to 2.24 eV for the 1.3 nm deposit. We
have plotted the Raman shift against the E1 position in Fig. 2.
While the three thicker samples could be consistent with
either the pure-strain or pure-compositional shifts, the thin-
nest sample is clearly neither. The combination of very small
shift ~060.5 cm21) in Raman peak position and the shift of
10.11 eV in E1 position is due to a combination of strain and
composition effects. Equations ~1!, ~3!, and ~4! are experi-
mentally valid for up to several percent Si in Ge. If we make
the plausible assumption that Si impurity in the Ge layer has
little effect on Eq. ~3!, then Eqs. ~1!–~4! can be combined to
deduce « i and x:
« i520.045DE120.0014DV
and
x50.315DE120.017DV . ~5!
Values deduced from the data and from Eqs. ~5! are
given in Table I. The 1.3 nm layer has the largest strain and
Si content, 0.45% and 3% respectively. Both strain and Si
content decrease with increasing coverage. We note that the
strain and composition found here are average values for
which the relative weighting depends on a response to a par-
ticular optical technique. For example, electroreflectance re-
sponse may depend on island thickness ~through the built-in
field! as well as island area.
Using AFM, we observe that the main differences be-
tween islands for low- and high-coverage samples are the
island diameter and density. Island thickness only changes
slowly with nominal coverage. If Si were diffusing from the
substrate for fixed island thickness, we would expect the sur-
face Si content to increase with deposition time. This is not
observed, therefore diffusion is not an important mixing
mechanism. Instead, the average Si content drops in a man-
ner that suggests that there is a fixed amount of Si that be-
comes increasingly diluted in Ge as the islands grow. One
possible explanation for such behavior is a surface exchange
mechanism in which a fraction of the Si and Ge atoms in the
outermost two layers of the growth front can exchange.4 Af-
ter nucleation, growth is mostly lateral, so the Si available
for exchange at the growth front would decrease with island
diameter, and the average Si content would drop in approxi-
mate proportion to the inverse island volume ~nominal film
thickness!.
We have shown how a combination of resonant Raman
scattering and electroreflectance spectroscopy can be used to
separate strain and composition effects on the properties of
epitaxial Ge on Si~111!. We were able to detect low levels ~a
few percent! of Si alloying in Ge islands. The observed shifts
in the E1 critical point with equivalent deposit thickness at
500 °C are due to both residual strain and Si impurity.
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